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Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers.

Its aggressiveness is driven by an intense fibrotic desmoplastic reaction in which

the increasingly collagen I-rich extracellular matrix (ECM) and several cell

types, including cancer stem cells (CSCs), create a tumor-supportive environ-

ment. However, how ECM composition regulates CSC dynamics and their rela-

tionship with the principle parenchymal tumor population to promote early

invasive growth is not yet characterized. For this, we utilized a platform of 3D

organotypic cultures composed of laminin-rich Matrigel, representative of an

early tumor, plus increasing concentrations of collagen I to simulate malignant

stroma progression. As ECM collagen I increases, CSCs progress from a

rapidly growing, vascular phenotype to a slower growing, avascular phase,

while maintaining their endothelial-like gene signatures. This transition is sup-

ported autocrinically by the CSCs and paracrinically by the parenchymal cells

via their ECM-dependent secretomes. Indeed, when growing on an early tumor

ECM, the CSCs are dedicated toward the preparation of a vascular niche by

(a) activating their growth program, (b) secreting high levels of proangiogenic

factors which stimulate both angiogenesis and vasculogenic mimicry, and (c)

overexpressing VEGFR-2, which is activated by VEGF secreted by both the

CSC and parenchymal cells. On Matrigel, the more differentiated parenchymal

tumor cell population had reduced growth but a high invasive capacity. This

concerted high local invasion of parenchymal cells into the CSC-derived vascu-

lar network suggests that a symbiotic relationship between the parenchymal

cells and the CSCs underlies the initiation and maintenance of early PDAC

infiltration and metastasis.

Abbreviations

2D, two-dimensional culture; 3D, three-dimensional culture; C, collagen I; CCM, collagen I-derived conditioned medium; CM, conditioned

medium; CSC, cancer stem cells; ECM, extracellular matrix; M, Matrigel; MCM, Matrigel-derived conditioned medium; PDAC, pancreatic

adenocarcinoma; VEGF, vascular endothelial growth factor; VEGFR-2, vascular endothelial growth factor receptor 2; VM, vasculogenic mimicry.

2104 The FEBS Journal 285 (2018) 2104–2124 ª 2018 Federation of European Biochemical Societies

http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.14471&domain=pdf&date_stamp=2018-04-27


Introduction

Pancreatic ductal adenocarcinoma (PDAC), the most

frequent type of cancer of the pancreas (90% of all

cases) [1], is a deadly disease with a 5-year survival

rate of approximately 5% [2]. There has been very lit-

tle improvement in the clinical outcome for this devas-

tating disease during the past 30 years [3] and it is

projected to become the second cause of cancer-related

deaths in the next 10–15 years [4].

One of the hallmarks making PDAC so aggressive is

the bidirectional interaction between the cancer cells

and their prominent, surrounding stromal microenvi-

ronment (desmoplasia), which can account up to 90%

of PDAC tissue [5]. Desmoplasia is a tumor-supportive,

highly reactive environment consisting of the cancer

and accessory cells (including cancer-associated fibrob-

lasts, endothelial, and immune cells) embedded in a

dense stroma of extracellular matrix (ECM) compo-

nents (fibronectin, proteoglycans, hyaluronic acid,

growth factors, proteinases, and ever more collagen

type I as the tumor progresses) [6], [7]. This is particu-

larly true for PDAC where collagen I can constitute

up to 80% of the tumor space and is associated with a

worsened outcome [8,9]. The collagen I-rich stromal

environment extrinsically stimulates maligant cell

properties (i.e., proliferation, invasion, survival, and

immune tolerance), which are already intrinsically

hyperactivated in PDAC, thus promoting tumor

growth, early invasion and chemo-radiation resistance

[10]. In addition, desmoplasia represents a niche for

the development of a small subset of the cancer cell

population, cancer stem cells (CSCs) [11], which retain

cancer-initiating potential, self-renewal, and multilin-

eage differentiation capabilities (stemness). This con-

tributes to the tumor heterogeneity, including the

ability to express an endothelial-like phenotype and

participate in tumor neovascularization via the forma-

tion of a blood-conducting, matrix-rich meshwork,

known as “vasculogenic mimicry” (VM), all of which

critically influences tumorigenesis, metastasis, and drug

resistance [12]. CSCs have been demonstrated in

PDAC [13–18] and have been shown to be a highly

dynamic tumor subpopulation [14,19].

It is now widely recognized that the various cellular

components in the microenvironment influence and

can even dominate genotypic changes in malignant

cells [20,21] and cancer stem cells [22]. Furthermore,

the ECM plays a fundamental role in directing normal

cell development [23] and normal stem cell fate/plastic-

ity [24]. However, relatively little is known about the

specific role of the ECM composition of the tumor

desmoplastic microenvironment and its interaction

with the different tumor cell populations (parenchymal

and CSCs) in determining their growth, phenotypic

plasticity, reciprocal cross talk, and in driving tumor

progression.

It is, therefore, critical to establish more physiologi-

cally relevant in vitro experimental models allowing the

study of PDAC biology, therapeutic targets, and

drug efficacy in the context of the “desmoplastic

tumor-supportive” environment. In this regard, three-

dimensional (3D) cultures are a relevant preclinical

model with advantages over 2D monolayers as they

more accurately reflect the architecture and bio-

mechanical properties of the tumor [25–27]. This led

us to use 3D systems in our experiments to mimic and

study the influence of the ECM microenvironment on

PDAC cells, settling on organotypic cultures on

combinations of ECM components with increasing

collagen I concentrations in order to model PDAC

progression [28]. The organotypic model offers many

advantages over other 3D protocols including the abil-

ity to easily manipulate the ECM to mimic the differ-

ent stages of PDAC progression and to produce

complex coculture conditions [27].

Here, utilizing these organotypic cultures, we find

that the different compositions of the tumor ECM

actively affected, via ECM–cell interactions, the

growth kinetics, morphology, invasion, and the secre-

tome profiles of a highly aggressive PDAC parenchy-

mal cell line, Panc1 [29], and their derived CSCs.

Furthermore, we demonstrate that the ECM composi-

tion also plays a critical role in the generation of a

complex and highly dynamic cross talk between the

two cell lines which, via the secretion of VEGF and

other proangiogenic/growth factors, reciprocally influ-

ences their same growth dynamics and phenotypic

plasticity. Altogether, these findings propose a scenario

in which the ECM composition and the cellular secre-

tome cooperate to jointly regulate both growth and

morphology of the Parental and CSC cell lines and, by

modulating the highly dynamic interactions between

them, establishes a continuum between tumor initia-

tion and progression in primary PDAC tumors.

Results

We have previously reported that in 2D culture, CSCs

derived from the PDAC cell line, Panc1, exhibited an

increase in the stem cell markers EpCAM and CD44v6

and acquisition of a mesenchymal phenotype, in com-

parison to their Parental counterpart [14]. Further-

more, in line with the reported low-proliferative ability

of CSCs [30,31], they grew significantly slower than

Parental cells in 2D culture [14]. Altogether these
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results confirmed that CSCs isolated from the Parental

Panc1 cell line and cultured in 2D in their selection

medium possess stemness features, both phenotypically

and genotypically.

As cell growth dynamics are quite different when

assessed in 3D [32], and PDAC is characterized by a

dense fibrotic desmoplastic reaction highly affecting

pancreatic cancer growth [33], we developed 3D organ-

otypic models based on different matrix compositions

to simulate the in vivo tumor stroma associated with

PDAC progression. For this, CSCs or Parental cells

were seeded on the organotypic setup consisting of

100% Matrigel (a laminin-rich ECM biomimetic of an

early-stage tumor), or a mix of 90% Matrigel:10% col-

lagen I (90M/10C), 70% Matrigel:30% collagen I

(70M/30C), 20% Matrigel:80% collagen I (20M/80C),

and finally on 100% collagen I, since collagen I is

increasingly enriched in the ECM as PDAC develops

[34].

In CSCs, stem cell marker expression is sensitive

to ECM composition

We first determined the effect of matrix composition

on the expression of the typical stem cell surface

marker, CD44v6, and on the adhesion molecule,

E-cadherin [14], when the two cell lines grow on

ECMs at increasing collagen I content. Importantly,

we found that mRNA levels of CD44v6 were strictly

dependent on the ECM composition in CSCs. Indeed,

CD44v6 expression was maximum on Matrigel (two-

fold compared to their 2D growth) and was reduced

stepwise as collagen I increased in the ECM (Fig. 1A).

On the other hand, the mRNA levels of E-cadherin

decreased in 3D (vs 2D) only in the CSCs and this

reduction was also ECM-dependent, in that E-cadherin

levels were minimum for cells grown on 100% Matri-

gel and increased stepwise as collagen I increased in

the ECM (Fig. 1D). Importantly, it has been demon-

strated that E-cadherin expression inversely correlates

to the CSC number, in vitro cell proliferation/migra-

tion, and in vivo tumor vascularization [35].

Parental and CSC phenotype, growth rate, and

invasion are dependent on ECM composition

We then went on to determine the effect of ECM com-

position on growth morphology and rate and on inva-

sive capacity and mechanism. Importantly, not only

were the CSCs able to attach to all the ECMs but

Fig. 1. ECM composition affects Parental

and CSC expression of CD44v6 and

E-cadherin. Histograms of CD44v6 (A and

B) and E-Cadherin (C and D) mRNA levels in

Parental cell and CSC that had been

cultured on 100% Matrigel, 70%

Matrigel:30% collagen I, or 100% collagen I

as described in Materials and methods.

Real-time PCR values are the means

(� SEM) of three independent experiments

each performed in triplicate and are

reported as fold change relative to levels in

2D culture *P < 0.05, **P < 0.01,

***P < 0.001, or relative to different ECM

compositions †P < 0.05, ††P < 0.001, and
†††P < 0.001.
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both cell lines also changed their growth morphologi-

cal phenotypes and invasive ability depending on the

ECM composition (Fig. 2A). Particularly interesting

was the distinct morphologies of the two cell lines

when grown on 100% Matrigel. Indeed, the Parental

cells grew as small discrete, clonal colonies deriving

from single cells, while the CSCs formed a structured

vascular-like, network lining lacunae and resembling

VM [30]. As the amount of collagen I increased, both

the CSC and Parental cell lines lost their highly orga-

nized growth morphologies and grew instead more as

monolayers with only small differences between them

(Fig. 2A), suggesting that the ECM composition has a

crucial role on cell plasticity and the acquisition of the

final morphology.

In particular, the vascular-like structures formed by

the CSCs on 100% Matrigel were reduced as collagen

I levels increased (21.4 � 3.1 vs 8 � 2.3 lacunae/field

in 100% Matrigel vs 70%Matrigel/30% collagen I,

respectively, P < 0.001) and completely disrupted as

collagen I levels surpassed 30% of the ECM composi-

tion. This loss of VM organization with higher colla-

gen I content corresponds well with increased collagen

I representing the late-state PDAC. Indeed, VM for-

mation is reported to be mainly found in early-state

cancers and is decreased during tumor progression

[36], further supporting the above morphological data

and the use of the organotypic culture systems as rep-

resentative of PDAC progression.

To assess whether the ECM composition would also

affect the kinetics of cell growth, CSCs and Parental

cells were seeded on either 100% Matrigel, 70%

Matrigel:30% collagen I, or 100% collagen I and

growth at day 0, 3, and 7 was monitored as described in

Methods (Fig. 2B). When grown on 100% Matrigel, the

CSCs exhibited a significantly higher growth rate (dou-

bling time in days (Td) = 1.77 � 0.17) that was reduced

as collagen I increased (from Td = 2.77 � 0.25 to

Td = 7.48 � 3.1 cultured on 30% and 100% collagen I,

respectively). The Parental cells had a similar pattern

but grew much more slowly on all ECM compositions

than the CSCs (Td = 3.75 � 0.48 vs Td = 4.45 � 0.34

vs Td=7.68 � 2.13 cultured on 100% Matrigel, and

30% and 100% collagen I, respectively). The increased

growth rate of CSCs compared to Parental cells on

Matrigel (CSCs 2.11 � 0.18-fold faster than Parental

cells) corresponds to an inversion of their growth rates

when measured in 2D conditions [14].

We then analyzed the role of the ECM composition

in regulating the invasive phenotype of the Parental

cells and CSCs, by measuring both their invadopodia-

mediated ECM proteolytic activity defined by their

Digestion Index [37] (Fig. 2C,D) and their invasion

(Fig. 2E) when the two cell lines grew on an early-

stage tumor ECM (100% Matrigel) or a high-grade

tumor ECM (20%Matrigel: 80% collagen I, 20M/

80C). Interestingly, we found that Parental cells had a

greatly increased ability to form functional invadopo-

dia and digest the two types of ECM compared to

CSCs, with a net higher Digestion Index when cul-

tured on 100%M with respect to 80%C/20%M. This

higher level of ECM-degrading activity for Parental

cells compared to CSCs correlated with an increased

Parental cell ability to invade across the two ECMs

coating porous filters in Boyden Chamber chemoinva-

sion assays (Fig. 2E).

CSCs in nude mice develop proliferating and

hypervascular tumors

In Figures 2A,B, CSCs and Parental cells respond to

the different ECM compositions by changing both

their growth pattern and growth rate kinetics. To

determine if these in vitro behaviors of cells growing

on Matrigel were retained in vivo, we produced early

stage, confined tumors by subcutaneously injecting

Parental cells or CSCs into nude mice.

We first evaluated whether the CSC’s ability to orga-

nize into vessel-like networks when grown on Matrigel

was reflected by an increased ability to promote a vas-

cular network in the in vivo tumors. Histological assess-

ment of the vascular network was performed on the

tumor sections using Masson’s trichrome stain, which

highlights connective tissue and vascular thin walls.

Excluding peripheral murine vessels and counting only

vessels with a clearly identifiable lumen often containing

red blood cells (RBCs), tumors originating from CSCs

had a significantly higher number of vessels compared to

tumors originating from Parental cells (4.7 � 0.25 vs

3.4 � 0.34 identifiable vessels per field (� SEM) of CSC

vs Parental cell produced tumors, respectively, n = 5,

P = 0.002). Furthermore, vessels in CSC-derived tumors

were larger and had much more RBCs compared to those

formed by Parental cells (Fig. 2F left panels). Interest-

ingly, the low level of vascularization in Parental-derived

tumors was associated with the presence of extended col-

lagen-rich fibrotic regions (showed in blue), indicative of

a higher level of fibrosis [38].

We then determined if the above-reported inversion

of CSC and Parental cell in vitro growth rate on 3D

(Matrigel) compared to 2D (Fig. 2B), which is in line

with the reported observation that subcutaneous CSC-

derived PDAC tumors grew 2.48 � 0.34-fold larger

than Parental cell-derived tumors [14], was due to an

increased proliferative ability of CSCs compared to Par-

ental cells. For this, the expression of the proliferation
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marker, Ki67, was analyzed by IHC in the subcutaneous

tumor sections. Figure 2F (right panels) shows that, in

line with the increased CSC growth rate on Matrigel

and CSC-derived tumor size, the tumors formed by the

CSC population also had a greatly increased prolifera-

tion compared to the tumor formed from the Parental

cell population (194.3 � 46.8 vs 60.2 � 14 Ki67-posi-

tive nuclei/field CSC vs Parental, n = 5, P < 0.001).

Altogether, these in vivo results confirmed that the

organotypic setting mimicking the initial stages of

tumor development (low collagen I ECM), indeed, suc-

cessfully predicted the increased ability of CSCs to

induce a hyper-proliferative, blood-conductive vascular

network in the primary tumor, growing ectotopically

(without signs of local infiltration and/or distant metas-

tases) in an early-stage xenograft tumor model [39].
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CSCs have an increased expression of

endothelial cell markers that are associated

in vivo with vasculogenic mimicry

To determine whether the CSC vascular-like morphol-

ogy acquired when grown on Matrigel and its stepwise

loss with increasing collagen I content was associated

with the basal expression of an endothelial-like pheno-

type, we analyzed mRNA expression levels of the

endothelial cell markers CD34 and CD31 and the

endothelium-associated marker CD144. The Parental

cell line and CSCs were grown in 2D and in 3D on

either 100% Matrigel, 70%M/30%C, or 100% colla-

gen I. After 5 days, cells were collected and RNA was

extracted, reverse transcribed, and analyzed by qPCR.

When grown in 2D, the CSCs had a significantly

higher expression of all three markers with respect to

the Parental cells (26.6 � 3.5, 6.4 � 0.6, and

4.5 � 0.1-fold for CD34, CD31, and CD144, respec-

tively), suggesting that the CSCs intrinsically express

higher levels of endothelial genes. When the cells were

cultured in 3D (Fig. 3A-C), the mRNA expression

levels of all three markers remained higher in the CSCs

(red bars) compared to Parental cells (blue bars). We

then evaluated whether this increased expression of

CD31 and CD34 was associated with the CSC’s

increased ability to promote a vascular network in vivo

compared to the tumor formed by Parental cells

(Fig. 2F). Sections from the CSC- or Parental cell-

derived subcutaneous tumors were immunostained for

either human CD31 or human CD34 and counter-

stained for periodic acid–Schiff (PAS), a marker of

VM [40]. Figures 3D demonstrate that almost all the

vessels in the CSC-derived tumors displayed both

CD31/CD34 and PAS staining while very few vessels

in the Parental tumors were both PAS+ and CD31 + /

CD34 + (4.3 � 0.33 vs 1.7 � 0.91 double-stained ves-

sels per field (mean � SEM), respectively, n = 20,

P < 0.0001). Furthermore, the vessels in the CSC-

derived tumor were larger, more complex and

contained more erythrocytes. Altogether, these data

indicate that the CSCs express the endothelial gene

repertoire both in 2D and in all 3D conditions but

that the full expression of the vascular (VM) pheno-

type is dependent on the ECM composition and could

involve the secretion of proangiogenic factors.

Angiogenic and Growth Factor secretomes of

Parental cells and CSCs are differently regulated

by the ECM composition

As the vascular-like phenotype could be strongly influ-

enced by the balance of pro- and antiangiogenic cellu-

lar factors secreted into the cell culture medium

(secretome), we investigated if and how the different

ECM compositions could modulate the above-

observed different CSC and Parental growth pheno-

types through changes in their angiogenic secretome

by using an antibody array, where the protein expres-

sion level for each secreted factor was normalized to

the positive internal controls (Fig. 4A,B). We started

by using the array to profile the CSC’s angiogenic

secretome when cells grew for 6 days on 100% Matri-

gel as vessel-like structures, on 100% collagen I as

monolayers, or on mixtures thereof (80M/20C and

70M/30C). We found that the secreted factors fell into

Fig. 2. ECM composition affects Parental and CSC growth, phenotype, and angiogenic capacity. A) Representative microscopic images of

growth characteristics and phenotypic changes of Panc1-Parental cell line and their derived CSCs cultured on organotypic cultures

composed of 100% Matrigel, 90% Matrigel:10% collagen I, 70% Matrigel:30% collagen I, 20% Matrigel:80% collagen I, and 100%

collagen I. Scale bar represents 500 lm for all images. (B) Parental cell and CSC growth rates in organotypic cultures of 100% Matrigel,

70% Matrigel:30% collagen I, and 100% collagen I. Growth curves of Parental cells and CSCs cultured on the different ECMs were

calculated from Resazurin reduction assays according to the standard curves obtained by fluorescence readings of Resazurin as described in

Materials and methods. Growth assays were performed on day 0 (6 h after cell seeding), day 3, and day 7. Parental and CSC doubling times

(Td) were calculated from each growth curve as described in Materials and methods. Data are mean � SEM, n = 5, *P < 0.05. (C & D)

Invadopodia proteolytic activity of Parental cells and CSCs on 100% Matrigel or 20%Matrigel/80% collagen I as described in Materials and

methods. (C) Typical images of actin expression and focal digestion of ECM mixed with BSA-Bodipy which produces green fluorescence

within a black background. Scale bar, 50 lm. (D) Quantification of ECM degradation was performed as described in Materials and methods.

ECM degradation was analyzed as total focal digestive activity of 100 cells (Digestion Index) and standardized to 100% for Parental cell

activity. Data are mean � SEM, n = 5, ***P < 0.001 compared to Parental cell activity on 100% Matrigel; ††P < 0.01 compared to Parental

cell activity on 80%C/20%M. (E) Invasive capacity of Parental cells and CSCs across ECM-coated filters in Boyden chambers in three

independent experiments conducted in triplicate. Data are mean � SEM, ***P < 0.001 compared to Parental cell invasion on 100%

Matrigel; †P < 0.05 compared to Parental cell invasion on 80%C/20%M. (F) Masson’s trichrome stain and immunostaining for Ki67. Parental

cells or CSCs (1 9 105 cells/mouse) were subcutaneously injected into nude female mice. Tumors were extracted, fixed, and sectioned as

in Materials and methods. Left panels: Masson’s trichrome stain of representative tumor tissues derived from Parental cells and CSCs

(scale bar, 100 lm). Vessels are lined with blue staining and possess hole lumens (yellow arrows). CSCs developed a vascular network with

large caliber vessels in nude mice. Right panels: expression of Ki67 in these tumor samples was detected by IHC and then counterstained

for hematoxylin. Scale bar, 100 lm.

2109The FEBS Journal 285 (2018) 2104–2124 ª 2018 Federation of European Biochemical Societies

G. Biondani et al. ECM composition controls PDAC cell behavior



two groups, high- and low-secreted concentrations.

Interestingly, the CSCs had a higher secretion of

proangiogenic and growth factors when cultured on

Matrigel and their secretion was reduced in a stepwise

manner with increasing collagen I concentrations. In

particular, the CSCs secreted the proangiogenic factors

IGFBP-1, -2, and -3; MCP1; IL8; MMP-9; VEGF;

FGF basic (bFGF); epidermal growth factor (EGF);

and HGF. On the other hand, among the factors

secreted at high levels, we found that, of the more

than 50 pro-/antiangiogenic factors screened, the only

antiangiogenic factor secreted by the CSCs was Pen-

traxin 3 (PTX3), and its secretion increased stepwise

with increasing collagen I in the ECM.

The secretome profiles for the Parental cells were

next measured for cells grown only on 100% Matrigel

and 100% collagen I, since those matrices represented

the extremes of the changes in the CSC secretome

(Fig. 4B). Upon analysis, we found that the Parental

cells (a) secreted a higher number of antiangiogenic

factors and a lower number of proangiogenic factors

than did the CSCs; (b) did not secrete bFGF, EGF,

HGF, and MMP9; and (c) secreted all factors at a

higher concentration when cultured on collagen I

compared to Matrigel, except for VEGF, which was

highly secreted from cells grown on Matrigel and

decreased when cultured on collagen I (Fig. 4A,B).

The increased expression and activity of VEGFR-2

in CSCs is necessary for VM

As above-reported VEGF, the proangiogenic factor

par excellence [41] is the only proangiogenic factor

secreted by Parental cells and its secretion by CSCs is

maximum on Matrigel. We, therefore, hypothesized

that the observed CSC vascular phenotype on Matrigel

could be activated through autocrine/paracrine loops

involving VEGF and VEGFR-2, the receptor mainly

associated to tumor angiogenesis [42] [43]. We first

measured the VEGFR-2 mRNA levels in cells cultured

on ECMs of different compositions compared to its

expression in cells cultured in 2D conditions. In the

CSCs, VEGFR-2 expression strongly increased in 3D

conditions relative to 2D, while VEGFR-2 expression

was greatly reduced in the Parental cells compared to

2D (Fig. 5A). To further confirm this expression pat-

tern, we next immunostained sections from subcuta-

neous tumors produced from either CSCs or Parental

cells with human anti-VEGFR-2 (Fig. 5B). To better

identify tumor cell-derived vessels, we also

Fig. 3. CSCs have an increased expression

of CD34, CD144, and CD31 in vitro and

in vivo. Histograms of CD34 (A), CD31 (B),

and CD144 (C) mRNA levels in Parental

cells and CSCs cultured on 100% Matrigel,

70% Matrigel:30% collagen I, or 100%

collagen I. Real-time PCR values are the

means (� SEM) of three independent

experiments each performed in triplicate

and are reported as fold change relative to

Parental cell expression. *P < 0.05,

**P < 0.01. (D) Expression of human CD31

or human CD34 in the tumors described in

Fig. 2 was detected by IHC and then

counterstained for PAS. Arrows indicate

typical vessels positive for PAS and CD31

or CD34, asterisks indicate typical PAS-

positive vessels, and the arrowheads

indicate vessels negative for both CD31 or

CD34 and for PAS.
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counterstained with PAS, since VM channels are

known to be PAS positive [44]. We found that, com-

pared to the Parental-derived tumors, CSC-derived

tumors had a much higher human VEGFR-2 protein

expression distributed in PAS-positive VM channels

(Fig. 5B). We then functionally determined the role of

VEGFR-2 on the basal capacity of the CSCs to form

the VM network by incubating the CSCs on Matrigel

with the specific VEGFR-2 inhibitor, Ki8751, at 2, 3,

4, or 6 nM Ki8751 for 24 hrs and then analyzing the

number of lacunae as described in Methods. As shown in

Figures 5C,D, Ki8751 progressively, dose-dependently

reduced the VM network while having no effect on

CSC growth (data not shown).

Both the secretome and the ECM composition

are involved in the reciprocal regulation of

growth and morphological plasticity by the CSCs

and Parental cells

Given the above-observed cross talk between the two

cell lines in regulating the CSC vascular-like

phenotype, we next evaluated (a) the effect of each cell

line on the growth and morphology of both the oppo-

site cell population and of their same cell population

and (b) the role of the ECM composition on these reg-

ulatory mechanisms. This was achieved by indirect

coculture of the two cell lines for 7 days on the panel

of organotypic ECM substrates mirroring PDAC pro-

gression (100% Matrigel, 70% Matrigel:30% collagen

I, and 100% collagen I). The indirect cocultures were

established by collecting the conditioned medium

(CM) from either the Parental cell line (Parental-CM)

or CSCs (CSC-CM) that had been grown on either

100% Matrigel or 100% collagen I (see protocol

schemes in Figs 6A,D and 7A,D and in Materials and

methods).

The ECM is involved in the paracrinic inhibition

of CSC growth by the Parental secretome but

not in the auto-inhibition of Parental growth

We started by analyzing the effects of the Parental

secretome (Parental-CM) on growth and morphology

Fig. 4. CSCs release a more proangiogenic secretome compared to the Parental cells and both secretomes are regulated by the ECM

composition. (A & B) Secretion profile of anti-, proangiogenic factors, and growth factors secreted by (A) CSCs grown on 100% Matrigel,

80%Matrigel:20% collagen I, 70% Matrigel:30% collagen I, and 100% collagen I; and by (B) Parental cells grown on 100% Matrigel and

100% collagen I. The secretomes from Parental cells and CSCs were subjected to a human angiogenesis antibody array for the

simultaneous detection of 55 angiogenesis-related proteins. The spots on each membrane were scanned as digital peaks and the areas of

the peaks were calculated in AUs, as described in Materials and methods. Values are the AU means � SEM of three independent

experiments, each performed in duplicate and normalized to the positive controls (reference spots) supplied by the kit. *P < 0.05,

**P < 0.01, ***P < 0.001 for each protein compared to its secretion on 100% Matrigel.
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of both CSC (Fig. 6A-C) and Parental cells (Fig. 6D-

E) grown on the three different substrates. As can be

seen in Figure 6B, Parental secretome, and especially

Matrigel-derived Parental-CM (Parental-MCM) reduced

CSC growth similarly on all the ECMs (striped bars).

Collagen-derived Parental-CM (Parental-CCM, stip-

pled bars) also reduced CSC growth, with even greater

inhibitory effects for CSCs growing on ECMs at

increasing Matrigel content (100%M and 70%M:30%

C). The ECM composition also influenced the Parental

secretome-mediated modulation of CSC growth mor-

phology (Fig. 6C,G). Indeed, CSCs grown on 100%

Matrigel increased their VM phenotype (Fig. 6C), with

an increase in the mean number of closed lacunae fol-

lowing exposition to Matrigel-derived Parental-CM

but not to collagen-derived Parental-CM (Fig. 6G).

Also the very weak vascular response of the CSCs

growing on 70%M–30%C ECM was slightly increased

only by the Matrigel-derived Parental-CM (Fig. 6C),

which increased the mean number of lacunae com-

pared to nonconditioned cells (Fig. 6G). This is consis-

tent with the previously found Matrigel-induced

increase of VEGF secretion by both Parental cells and

CSCs and the high VEGFR-2 expression in CSCs

when grown on ECM (Fig. 5A) or in CSC-derived

subcutaneous tumors (Fig. 5B). For CSCs grown on

100% collagen I, neither Parental-CM induced any

apparent changes in CSC morphology with the excep-

tion of a tendency for the cells to form cell aggregates

instead of a uniform monolayer (Fig. 6C).

We then analyzed the effect of Parental-CMs on

Parental cell growth (Fig. 6D). We found that while

Matrigel-derived Parental-CM restricted Parental

growth almost equally on all substrates (striped bars),

the inhibition by the collagen-derived Parental-CM on

their own growth increased when collagen I was pre-

sent in the ECM (stippled bars, Fig. 6E). Furthermore,

incubation of the Parental line with either of the CMs

Fig. 5. VEGFR-2 is overexpressed in CSCs, associated in vivo with VM and directs basal in vitro network formation. (A) Histograms of

VEGFR-2 mRNA levels in Parental cells and CSCs cultured on 100% Matrigel, 70% Matrigel: 30% collagen I, and 100% collagen I. Real-

time PCR values are the means (� SEM) of three independent experiments each performed in triplicate and are reported as fold change

relative to the same cells cultured on cell culture plastic. **P < 0.01, ***P < 0.001. (B) Staining with an anti-human VEGFR-2 antibody of

tissue sections from the Parental- and CSC-derived tumors of Fig. 2. Tissue sections were counterstained with PAS. Numerous, large, PAS,

and VEGFR-2-positive vessels of human origin are shown in CSC-derived tumors (arrows). The asterisk indicates PAS-positive but VEGFR-2-

negative vessels (scale bar, 100 lm). (C & D) Dose response of the specific VEGFR-2 small molecule inhibitor, Ki8751, on the basal in vitro

ability of the CSCs to form a VM network. (C) Typical images from treatments (scale bar, 500 lm). (D) (IC50 = 0.84 � 0.05 nM, n = 3).
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Fig. 6. The Parental secretome paracrinically inhibits CSCs growth especially on Matrigel and autocrinically inhibits their own growth

independently of the growth substrate. (A & D) Scheme of the protocol setting used in the indirect coculture experiments to analyze CSCs

and Parental cell growth and phenotype. As described in Methods, conditioned medium (CM) that was collected from Parental cells grown

on either Matrigel (striped bars; Matrigel-derived Parental-CM) or collagen I (stippled bars; collagen-derived Parental-CM) was used to

condition CSCs (A) or Parental cells (D) growing on a panel of organotypic cultures mirroring PDAC progression, from 100% Matrigel (early-

stage tumor) to a mixture of 70% Matrigel:30% collagen I (middle-stage tumor) to a substrate of 100% collagen I (high-grade tumor).

Growth for CSCs (B) and Parental cells (E) was measured 7 days after the addition of the conditioned media. The Parental secretome

paracrinically inhibits CSCs growth especially on Matrigel (B) and autocrinically inhibits their own growth independently of the growth

substrate (E). Mean � SEM, n = 3 experiments, ns P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001 compared to each control for each

matrix and ns P > 0.05, †P < 0.05, ††P < 0.01, †††P < 0.001 compared to the same CM treatment on 100% Matrigel. Phase-contrast images

of CSCs (C) and Parental cells (D) grown on the different ECM compositions and cultured for 7 days as described above. Scale bar

represents 500 lm for all images. The Parental secretomes have no effect on their self-phenotype on any substrate composition (F), while

the Parental-MCM secretome increases CSC vascular-like morphology when grown on 100% Matrigel and slightly on 70% Matrigel (C). (G)

The paracrinic Parental secretome modulates CSC vascular-like channel formation by the CSCs. CSCs were grown on either 100% Matrigel

or a mixture of 70%Matrigel/30% collagen I (70%M–30%C) and after 24 hrs to permit their adherence, the cultures were incubated with

medium that had been conditioned by Parental cells grown on either 100% Matrigel or 100% collagen I described in Materials and

methods. After 7 days in these growth conditions, vascular channel networks were analyzed as described in Materials and methods.

Mean � SEM from three independent experiments, ns (not significant), ††P > 0.01 control on 70%M:30%C compared to control on 100%

Matrigel; ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 to the control on each matrix.
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derived from the Parental cells had no effect on the

morphological pattern on any of the three ECM com-

positions (Fig. 6F).

Altogether these data show that the secretome from

Parental cells grown on Matrigel inhibited the growth

of both cell types (from 45 to 55%) independently of

the ECM composition on which the cells were grow-

ing, while the secretome from Parental cells growing

on collagen I had a maximum inhibitory effect, respec-

tively, for Parental cells growing on collagen I and

CSCs growing on Matrigel.

CSC secretome paracrinically inhibits Parental

cell growth and autocrinically stimulates their

own growth and vascularity on Matrigel

Simultaneously, we also investigated the effects of the

CSC secretomes on Parental and CSC cell growth

(Fig. 7B,E) and morphological plasticity (Fig. 7C,F)

when cultured on the three different ECMs. The colla-

gen-derived CSC-CM (stippled bars) inhibited Parental

growth on Matrigel and this inhibition was reduced as

collagen I levels increased, while the Matrigel-derived

CSC-CM (striped bars) inhibited Parental cell growth

on collagen I and this inhibition was reduced as Matri-

gel levels increased. That is, the CSC-CMs always

blocked Parental growth except when these cells were

cultured on the same ECM on which the CSCs had

been cultured and the effect of both CMs was interme-

diate on the cells cultured on 70%M:30%C. Impor-

tantly, while both the Matrigel- and collagen I-derived

CSC-CMs tended to alter the phenotype of the Paren-

tal cells when grown on Matrigel from spheroids

toward a very light vascular-like phenotype, they had

no effect on the Parental growth morphologies cul-

tured on either the 70%M:30%C ECM or on 100%

collagen I. This suggests that changes in growth and

plasticity in Parental cells require both ECM-derived

and CSC-derived signals.

Interestingly, when the CSC secretome was added to

the CSCs themselves, there was a stimulation of only

the CSCs growing on Matrigel and exposed to Matri-

gel-derived CM (Fig. 7E, striped bars) while the

growth on the other substrates was either not affected

or slightly inhibited by this CM. This suggests the exis-

tence of a Matrigel-induced autocrine-positive modula-

tion of CSC growth that could explain the increased

CSC propagation on Matrigel observed in Fig. 2B. In

contrast, the CSC secretome from collagen I increas-

ingly inhibited their own growth when cultured on

increasing concentrations of collagen I (Fig. 7E, stip-

pled bars), suggesting the collagen I-mediated induc-

tion of a CSC growth-negative autocrine loop. The

ECM composition also influenced the CSC secretome-

driven modulation of CSC growth morphology

(Fig. 7F,G). Indeed, the CSCs tendency to organize in

a vascular-like network, with anastomosed tube-like

structures forming lacunae, when cultured on Matrigel

was strongly autocrinically increased after their

incubation with the Matrigel-derived CSCs-CM and

somewhat increased by the collagen-derived CSC-CM

(Fig. 7G). Furthermore, incubation with the Matrigel-

derived CSC-CM also slightly increased the weak

tendency of CSCs cultured on the 70%M–30%C ECM

to generate lacunae (Fig. 7G). The collagen-derived

CSC-CM did not induce any apparent changes in

CSC growth morphology when grown on 100%

collagen I.

VEGFR-2 mediates the autocrinic and paracrinic

stimulation of CSC VM on Matrigel

The above data show that CSCs grown on 100% Matri-

gel increased their VM phenotype with an increase in

the mean number of closed lacunae following exposition

to Matrigel-derived CM from either Parental cells

(Fig. 6C,G) or CSCs (Fig. 7C,G). This together with

fact that only VEGF secretion was stimulated by Matri-

gel in both cell lines (Fig. 4) and the high VEGFR-2

expression in CSCs when grown on 3D (Fig. 5A) sug-

gests that the autocrinic and paracrinic stimulation of

CSCs vascularity (VM) on Matrigel was due primarily

to the VEGF activation of VEGFR-2. In support of this

hypothesis, the specific VEGFR-2 inhibitor, Ki8751,

blocked the increased CSC vascular response on 100%

Matrigel due to Matrigel-derived CM from both Paren-

tal cells and CSC (Fig. 8A,B). Interestingly, this inhibi-

tion was stronger in the MCM than in the basal, control

conditions.

Discussion

Human PDAC is composed of heterogeneous cell pop-

ulations including tumor (parenchymal, CSCs) and

stromal populations (fibroblasts, immune, and

endothelial cells) embedded in an extensive collagen

I-rich fibrotic ECM, known as desmoplasia. This

desmoplastic ECM creates a dynamic, tumor-supportive

microenvironment by actively modulating key signal-

ing events promoting tumor growth and invasion.

Unlike most other tumors, desmoplasia is a character-

istic hallmark of PDAC and becomes more abundant

as the tumor progresses. Indeed, only minimal fibrosis

is observed in the relatively normal pancreas [34],

while an increased collagen I expression in the human

PDAC stroma is associated with increased metastasis
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Fig. 7. ECM composition modulates the paracrinic and autocrinic regulation of cell growth and morphology by the CSC secretome. (A & D)

Scheme of the protocol setting used in the indirect coculture experiments to analyze CSCs and Parental cell growth and phenotype as

described in Fig. 4. The CSC secretomes paracrinically inhibit Parental cell growth only on the opposite ECM from which it was collected

(B). The Matrigel-derived CSC-CM autocrinically stimulates CSC growth on Matrigel and slightly inhibits CSC growth on the other substrates

while collagen-derived CSC-CM has an increasing inhibitory effect on CSC growth as collagen I content increases (E). Data represent

mean � SEM from three independent experiments, ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 and ns, P > 0.05, †P < 0.05,
††P < 0.01, †††P < 0.001 compared to the same CM treatment on 100% Matrigel. Phase-contrast images of Parental cells (C) and CSCs (F)

grown on the different ECM compositions and cultured for 7 days with their growth medium or with either the CSC-MCM or the CSC-

CCM. Scale bar represents 500 lm for all images. CSCs secretome stimulates the vascular-like morphology of both Parental cells (C) and

CSCs (F) grown on Matrigel. (G) The autocrinic CSC secretome modulates CSC vascular-like channel formation by the CSCs. CSCs were

grown on either 100% Matrigel or a mixture of 70%Matrigel/30% collagen I (70%M–30%C) and after 24 hrs to permit their adherence, the

cultures were incubated with medium that had been conditioned by CSCs grown on either 100% Matrigel or 100% collagen I as described

in Materials and methods. After 7 days in these growth conditions, vascular channel networks were analyzed as described in Materials and

methods. Mean � SEM from three independent experiments, ns (not significant), ††P > 0.01 control on 70%M:30%C compared to control

on 100% Matrigel; ns, *P < 0.05, **P < 0.01, ***P < 0.001 to the control on each matrix.
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and poor prognosis [45]. Furthermore, during PDAC

progression, the normal laminin-rich basal membrane

architecture is disrupted and tumor cells are directly

exposed to interstitial collagen, which enhances tumor

progression (for review [9]). For this reason, it is

important to develop representative culture models of

the tumor ECM conditions mimicking the stromal

changes observed during the in vivo PDAC progression

from a laminin-rich to a collagen I-rich environment.

For this, we generated a series of 3D organotypic cul-

ture platforms by using matrices composed of 100%

Matrigel, a laminin-rich extract of a basement mem-

brane representing a stromal microenvironment at the

initial phases of tumor development, plus increasing

concentrations of collagen I up to 100% collagen I.

Using these culture platforms, we characterized the

role of the ECM composition on the level of tumor

stemness (Fig. 1), and growth rate, morphology, and

invasiveness of the Panc1 Parental cells and their

derived CSCs (Fig. 2), their in vitro and in vivo

endothelial marker expression (Fig. 3), their angio-

genic/growth factor secretome (Fig. 4), in vitro and

in vivo VEGFR2 gene expression (Fig. 5) and, finally,

the dynamics of the interaction of the two cells types

in indirect coculture on the different ECMs (Figs 6

and 7) and the role of VEGF/VEGFR-2 in this inter-

action (Fig. 8). We find that changes in the ECM com-

position resulted in differences between Parental cells

and CSCs in all these characteristics.

In particular, we found that when grown on Matri-

gel-enriched organotypic culture, the morphology of

the CSCs was altered to elongated, mesenchymal-like

cells and formed tube-like structures resembling VM

(Fig. 2A). Furthermore, they overexpressed the CSC

marker CD44v6 (Fig. 1A), which has been associated

with an increased VM ability [46]. On the other hand,

on organotypic cultures rich in collagen I, which domi-

nates the ECM of an advanced PDAC tumor [28], the

CSC’s VM was shifted to a typical epithelial-like phe-

notype with cells growing as a monolayer (Fig. 2A)

and expressing the highest levels of E-cadherin in 3D

culture (Fig. 1B). In contrast, Parental cells on Matri-

gel grew as spheroid-like colonies that reprogrammed

their phenotype into a monolayer-like tissue as the col-

lagen I content in the ECM increased (Fig. 2A). These

effects of ECM on Parental cell and CSC morphologi-

cal phenotypes were also found in two other PDAC

cells lines, MiaPaCa2 and PSN1, suggesting that the

observed phenomenon is general and not limited to a

unique cell line (data not shown). This observed vascu-

lar/mesenchymal to epithelial phenotypic shift, driven

by the different ECM compositions, reflects the known

high plasticity reported for PDAC in particular [47]

and for CSCs in general [48] and has emerged in this

study as a typical marker of the CSC lineage. We

hypothesize that the CSC’s acquisition of the VM phe-

notype when grown on an early tumor ECM (Matri-

gel) contribute to the tumor vascularization, which is

necessary for tumor initiation and the recruitment of

nutrients particularly at the initial phases of tumor

development [49]. Indeed, it is already known in sev-

eral tumor types that CSCs highly express the

Fig. 8. Inhibition of the VEGFR-2 blocks the stimulation of the CSC vascular phenotype by Matrigel conditioned medium (MCM). CSCs were

plated on 100% Matrigel and after 24 hrs to permit their adherence the cultures were incubated with medium that had been conditioned by

Parental cells or CSCs grown on 100% Matrigel with either vehicle or 4 nM of the VEGFR-2 inhibitor, Ki8751. After 24 hrs, vascular channel

networks were analyzed as described in Materials and methods. (A) Typical images from the experiments (scale bar, 500 lm) and (B) the

number of lacunae counted per field at 2X; mean � SEM from three independent experiments, **P < 0.01, ***P < 0.001 of each CM

treatment compared to the control in the medium without Ki8751 and ††P > 0.01, †††P > 0.001 of each CM containing Ki8751 compared to

its CM without Ki8751.
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endothelial cell markers CD34 [50–52], CD144

(VE-cadherin) [53], and CD31 [54] and are able to dif-

ferentiate into endothelial cells, thus contributing to

tumor vascularization and growth [55]. Here, we

observed that the PDAC CSCs already highly

expressed the mRNAs encoding for CD34, CD144,

and CD31 with respect to their Parental counterpart

in 2D cultures and this endothelial-like mRNA signa-

ture was retained by CSCs when propagated in 3D

cultures (Fig. 3A). Consistent with this, tumor sections

derived from the subcutaneous transplantation of CSCs

in nude mice contained increased vessel density and

blood perfusion and showed a higher number of both

PAS+ and human CD34 + /CD31 + blood vessels

compared to the Parental cell-derived tumors (Fig. 3B).

This suggests that also in PDAC, such as in other tumor

types, CSCs, having a high degree of differentiation

plasticity, can transdifferentiate in endothelial-like cells

to contribute to tumor vascularization. Moreover, in

line with their higher capacity to express endothelial-like

markers, we also found that the CSCs’ ability to pro-

mote the development of a ‘cancer vascular niche’ [56]

was also due to their secretion of proangiogenic factors.

Indeed, when grown on Matrigel CSCs released a

proangiogenic secretome (Fig. 4A) having very high

levels of IGFBP-1, -2, and -3, MCP-1, VEGF, and IL8,

as well as of growth factors known to support both

tumor growth and angiogenesis (e.g., EGF, HGF, and

FGF basic). Importantly, the secretion of this plethora

of angiogenic factors was maximal when cells were on

Matrigel and was reduced stepwise with increasing col-

lagen I concentrations.

In contrast to CSCs, we found that Parental cells, in

line with their inability to form tube-like structures on

either Matrigel or collagen I, secreted a higher number

of antiangiogenic factors and these were up-regulated

when they grew on collagen I. Importantly, the only

factor to have an increased secretion on Matrigel was

VEGF, the proangiogenic factor par excellence known

to stimulate vasculogenesis and angiogenesis through

both autocrine and paracrine mechanisms [57]. Indeed,

VEGF was secreted from Parental cells at the same

level as in CSCs (Fig. 4B). In line with this, on all sub-

strates (a) the CSCs greatly overexpressed the mRNA

for its receptor VEGFR-2 in comparison to 2D, while

Parental cells decreased their VEGFR2-mRNA levels

compared to 2D (Fig. 5A); (b) had much higher

VEGFR-2 expression in vivo (Fig. 5B); and (c) lost

their ability to form vascular networks on Matrigel

when VEGFR-2 activity was blocked with its specific

inhibitor, Ki8751 (Fig. 5C).

Based on these findings, CSCs could develop their vas-

cular phenotype on Matrigel by virtue of two interacting

and coordinated factors: (a) the intrinsic overexpression

of genes for endothelial factors and vascular receptors

and (b) the very high secretion of numerous proangio-

genic/growth factors which support their high growth

rate in order to form the vascular network. This would

both mobilize CSCs (together with endothelial cells, peri-

cytes, etc.) into a vascular niche and further stimulate the

CSCs endothelial-like differentiation program, in order

to participate in VM, and their angiogenic secretome to

stimulate endothelial angiogenesis [49]. This enhanced

ability of CSCs to activate a growth/proangiogenic pro-

gram, especially in response to an early-stage tumor

microenvironment (e.g., growth on Matrigel), explains

our in vivo experiments in which (a) the subcutaneous

tumors originating from CSCs gave rise to a more abun-

dant vascular network composed of larger vessels than

the tumors originating from Parental cells (Fig. 2F, left

panel, 3D and 5C) and (b) the tumors of the CSC-

injected mice had increased Ki-67 staining for mitotic

index (Fig. 2F, right panel) and grow faster than those in

mice injected with Parental cells [14].

This last finding reflects the CSCs’ enhanced in vitro

growth rate compared to Parental cells when the two

cell lines were cultured on Matrigel-organotypic cul-

tures (Fig. 2B) and further validates the use of our

organotypic cultures as biomimetic in vitro models of

the in vivo tumor biology. The data also suggest a link

between the very low percentage of CSCs (< 1%)

found in human PDAC tissues [58] and the known

hypovascular and collagen I-rich nature of pancreatic

cancers. Indeed, in our collagen I-rich organotypic cul-

tures, mimicking an advanced PDAC, CSC growth

was reduced compared to that on Matrigel to a level

similar to Parental cell growth (Fig. 2B) on the other

ECMs and, analogously to Parental cells, displayed a

nonendothelial-like phenotype (Fig. 2A).

However, tumor growth rate and phenotype is influ-

enced not only directly via intrinsic (gene expression-

related) and extrinsic (ECM-related) factors but also

via the secretion of soluble factors inducing autocrine

and paracrine growth regulating loops. Therefore, we

also analyzed in indirect cocultures (via their respective

secretomes released into the CM), the dynamics of the

autocrinic and paracrinic growth regulation when the

two cell types were cultured on the different ECM

compositions (see protocol schemes in Fig. 6A,D and

7A,D). We found that when the two cell populations

were cultured on a Matrigel-enriched substrate (upper

part of model in Fig. 9), Parental cells derived secre-

tome (Parental-MCM) both paracrinically inhibited

CSC growth and autocrinically inhibited their own

growth (Fig. 6B,E), while the CSC-derived secretome

(CSC-MCM) enhanced their own growth (Fig. 7E,
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stippled bars) and had a slight inhibitory effect on the

growth of the Parental cells (Fig. 7B, stippled bars).

Thus, the Parental-CSC coexistence on Matrigel would

result in a significant increase of CSC growth com-

pared to Parental growth (upper part of model in

Fig. 9). This confirms both the overturning of the 2D

Parental and CSC growth rates when grown on Matri-

gel (Fig. 2B) and the in vivo experiments with both

subcutanous (Ki67, Fig. 2F) and direct spleen injection

[14]. Furthermore, the CSCs through their complex

Matrigel-induced proangiogenic secretome (Fig. 4A)

and, partially, via the Parental cell secretion of VEGFA

(Fig. 4B), stimulated the VEGFR2-overexpressing

CSCs (Fig. 5A) to an increased vasculogenic pheno-

type (VM) when these cells were cultured on Matrigel-

rich ECMs (Figs 6C,G and 7F,G). When the two cell

lines were indirectly cocultured on collagen I (lower

part of model in Fig. 9) and in line with their reduced

secretion of growth/angiogenic factors secreted on this

ECM (Figs. 4A & B), they autocrinically inhibited

themselves (Figs 6E and 7E), while having no paracri-

nic effect on the opposite cell subpopulation (Figs 6B

and 7B). Consequently, on collagen I, both Parental

and CSCs had restricted growth programs as was

found in Fig. 2B.

In conclusion, our study sheds light on one of the

most representative PDAC hallmarks, i.e., the very

early development of metastasis even before the pri-

mary tumor can be detected [18]. Indeed, when grow-

ing on an early tumor ECM, dominated by laminin,

collagen IV, and entactin (modeled by the Matrigel

ECM), the CSCs are dedicated toward the preparation

of a vascular niche by secreting high levels of proan-

giogenic/growth factors which activate their growth

program, their assembly into a VEGF/VEGFR-

2-mediated VM network (Fig. 2A), and eventually

their transdifferentiation into an endothelial-like net-

work (Fig. 3D). At the same time, when on Matrigel,

the more differentiated parenchymal tumor cell popu-

lation has a reduced growth rate (Fig. 2B) but with a

Fig. 9. Model of Influence of the ECM composition on the autocrine regulation of Parental and CSC growth and plasticity and their

paracrine cross talk via their angiogenic secretome. Matrigel induces the formation of autocrine loops in CSCs. Indeed, on Matrigel (1) CSCs

secrete a high amount of potent proangiogenic and growth factors (IGFBP1/2/3, MCP1, IL8, EGF, VEGF, and bFGF), which, via autocrine

mechanisms, stimulate their growth/self-renewal and their intrinsic vascular-like propensity/traits/potential such that they rapidly expand

forming vascular-like structures and thus contributing to the vascular phenotype of the early-stage tumor. However, on Matrigel, the

Parental cells (2) auto-inhibit their growth and (3) restrict the CSC’s growth while (4) also supporting the CSC’s vascular-like phenotype via a

paracrine activity, which involves both a high level of VEGF secretion by Parental cells and VEGFR-2 overexpression by the CSCs. While the

CSCs express the proangiogenic genes CD31, CD34, and CD144, they are able to produce the angiogenic switch only on substrates that (i)

increase the expression of VEGFR-2 and (ii) stimulate the secretion of high enough levels of proangiogenic factors to push the cells into the

vasculogenic program. Growth on Matrigel also stimulates the Parental cell invasion program through activation of invadopodia (5). Lastly,

the development of the desmoplastic stroma during progression, resulting in higher levels of collagen I, restricts the growth of both

Parental cell (6) and CSCs (7) via autocrine loops.
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high-invadopodia-driven invasive capacity (Fig. 2D,E)

that is stimulated by EGF [32], which is highly

secreted by the CSCs (Fig. 4A). This concerted activa-

tion of these two malignant phenotypes, i.e., (a) the

high rate of local invasion executed by parenchymal

cells into the (b) aberrant vascular network created by

the CSC-derived vascular signals suggest that a symbi-

otic relationship between the parenchymal cells and

the CSCs underlies the initiation and maintenance of

early PDAC infiltration and metastasis.

Materials and methods

Cell lines

The Panc1 human pancreatic adenocarcinoma Parental cell

line was grown in RPMI 1640 supplemented with 10%

FBS, 2 mM glutamine, and 50 lg�mL�1 gentamicin sulfate

(Gibco, Life Technologies). Panc1 cells are mutated in the

PDAC driver genes KRAS, CDKN2A, MAP2K4, and

TP53 [29] and are a well established and widely used model

in PDAC research [59]. Adherent cells were maintained in

standard conditions for a few passages at 37° C with 5%

CO2. Panc1 CSCs were generated as previously described

[14] and cultured in CSC medium, i.e., Dulbecco’s modified

Eagle’s medium (DMEM)/F-12 without glucose (US bio-

logical Life Sciences) supplemented with 1 g�L�1 glucose,

B27 serum substitute (Gibco, Life Technologies),

1 lg�mL�1 Fungizone (Gibco, Life Technologies), 1% peni-

cillin/streptomycin (Gibco, Life Technologies), 5 lg�mL�1

heparin (Sigma), 20 ng�mL�1 EGF (Peprotech), and

20 ng�mL�1 FGF (fibroblast growth factor, Peprotech).

CSCs were selected on the basis of their dynamic equilib-

rium with the rest of the tumor cells and their property to

be enriched and selected for when grown in the above-

described conditions. The CSCs were selected from the

PDAC cell line Panc-1 (the Parental line) and identified by

their ability to form anchorage independent colonies and

by their overexpression of common CSC markers [14].

3D culture models

100% Matrigel

Matrigel (Corning Matrigel Growth Factor Reduced Base-

ment Membrane Matrix, Phenol Red-Free) was thawed on ice.

Matrigel was diluted at the final concentration of 7 mg�mL�1

in RPMI 1640 without gentamicin sulfate and without FBS.

100% collagen I

Collagen I bovine (Gibco, Life Technologies) was diluted

at the final concentration of 3 mg�mL�1 in sterile water,

PBS 10X (Sigma Aldrich), and 0.015 N NaOH.

The various mixtures of Matrigel and collagen I were

prepared at final concentrations based on the dilution of

the above final concentrations of Matrigel and collagen I:

90% Matrigel-10% collagen I

The mixtures of Matrigel and collagen I were prepared at

the final concentration of 6.3 mg�mL�1 and 0.3 mg�mL�1,

respectively, as described above and then mixed.

80% Matrigel-20% collagen I

The mixtures of Matrigel and collagen I were prepared at

the final concentration of 5.6 mg�mL�1 and 0.6 mg�mL�1,

respectively as described above and then mixed.

70% Matrigel-30% collagen I

The mixtures of Matrigel and collagen I were prepared at

the final concentration of 4.9 mg�mL�1 and 0.9 mg�mL�1,

respectively as described above and then mixed.

20% Matrigel-80% collagen I

The mixtures of Matrigel and collagen I were prepared at

the final concentration of 1.4 mg�mL�1 and 2.4 mg�mL�1,

respectively as described above and then mixed.

In all cases, 500 lL of the mixture was plated in 24-well

cell culture plates. The cell culture plates were then incu-

bated at 37° C with 5% CO2 for 1 h in order to allow the

mixture to create a thin gel on the bottom of the wells.

About 8.8 9 105 cells/well were seeded on the top of the

matrix and incubated at 37° C with 5% CO2 for 5 days.

Medium was changed every 2 days.

3D matrix digestion for cell recovery

100% Matrigel

CellSperse (DIVAA, Trevigen) is a bacillus-derived neutral

metalloprotease that was used to recover cells from the

matrix composed by Matrigel. Briefly, two volumes of Cell-

Sperse were added in each well and incubated at 37° C with

5% CO2 for 2 h. One volume of 10 mM EDTA was added to

stop CellSperse reaction and cells were centrifuged at 400 g

for 5 min. Cells were then washed twice with one volume of

PBS and centrifuged at 2000 r.p.m. for 5 min and at

16 000 g for 2 min, respectively.

100% collagen I

Collagenase type I (Gibco, Life Technologies) was used to

recover cells from the matrix composed by collagen I. Briefly,

one volume of the prewarmed collagenase solution was
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added to completely submerge the portion of the gel to be

digested and was incubated at 37° C with 5% CO2 for 2 h.

Two volumes of medium containing serum (RPMI 1640 and

DMEM/F-12 for the Parental cell line and for the CSCs,

respectively) were added to stop collagenase reaction. Cells

were centrifuged at 400 g for 5 min, washed with one volume

of PBS and centrifuged at 400 g for 5 min.

For the various mixtures of Matrigel and collagen I

The matrix was digested using both CellSperse and collage-

nase solution as described above.

Growth measurements

Curves of Parental cells and CSCs cultured on the different

ECMs were calculated from cell growth measured by Resa-

zurin (Immunological Sciences, Rome, Italy) reduction

assays as previously described [27] where 10 lL stock Resa-

zurin was added to 100 lL medium and fluorescence was

measured after 3 h. Cell numbers were calculated according

to the standard curves obtained by fluorescence readings of

Resazurin on serial dilutions of both Parental cells and

CSCs. Parental and CSC doubling times (Td) were calcu-

lated from each growth curve as previously described [27].

Invadopodia proteolytic activity

Invadopodia focal ECM proteolysis experiments were con-

ducted in cells seeded onto a layer of either Matrigel (di-

luted to a final concentration of 4 mg�mL�1) or 80%

collagen I:20% Matrigel (2.4 mg�mL�1 collagen I and

1 mg�mL�1 Matrigel) in which quenched BODIPY linked

to BSA (DQ-Green-BSA and DQ-Red-BSA) was mixed at

a final concentration of 30 lg�mL�1. The matrix mix was

used to cover 12-mm round glass coverslip. Then,

4 9 104 cells/coverslip were seeded onto the polymerized

matrix, and grown overnight. Cells were then fixed with

paraformaldehyde 3.7% in PBS and processed for

immunofluorescence. Focal ECM digestion produces green

fluorescence within a black background. Cells were imaged

for F-actin and quantification of ECM degradation was

done by counting degradation spots in 10 fields of view

(40 9 objective) in five separate experiments for each cell

line. The degradation area was determined by using ImageJ

1.41 software and normalized for the number of cells.

ECM degradation was analyzed as total focal digestive

activity of 100 cells (Digestion Index) and standardized to

100% for Parental cell activity.

Invasion measurements

A quantitative measure of the degree of in vitro cellular inva-

sion was measured as the ability to traverse an 8 lm

polycarbonate membrane coated with 100% Matrigel

(5 mg�mL�1) or 80% collagen I:20% Matrigel (2.4 mg�mL�1

collagen I and 1 mg�mL�1 Matrigel) and placed in Boyden

chambers. The cells were then trypsinized, and 200 000

tumor cells were added in suspension to the upper chamber

of the Boyden chamber in which the lower chamber con-

tained 1% serum in culture medium. Culture dishes were

returned to the incubator for 24 h, and then the filters were

removed from the chamber, fixed, and strained with the Diff-

Quik Stain Kit (Baxter Diagnostics). The cells that had not

traversed the filter were delicately removed with a q-tip and

cells that had traversed the filter were counted in 10 fields in

20 9 for each treatment and cell type.

RNA extraction and qPCR

Cells were recovered from each ECM as described in sec-

tion 2.3 and total RNA was extracted using TRIzol

Reagent (Life Technologies) and 1 lg of RNA was reverse

transcribed using first-strand cDNA synthesis. Real-time

quantification was performed in triplicate samples by

SYBR Green detection chemistry with Power SYBR Green

PCR Master Mix (Applied Biosystems) on a 7900HT Fast

Real-Time System (Thermo Fisher). The primers used were:

E‑cadherin forward, 50‑GAC ACC AAC GAT AAT CCT

CCGA‑30 and reverse, 50‑GGC ACC TGA CCC TTGTAC

GT‑30; CD44v6 forward, 50-AGG AAC AGT GGT TTG

GCA AC-30 and reverse, 50‑CGA ATG GGA GTC TTC

TCT GG-30; ribosomal protein large P0 (RPLP0) forward,

50‑ACA TGTTGC TGG CCA ATA AGG T‑30 and

reverse, 50‑CCT AAAGCC TGG AAA AAG GAG G‑30.
CD31 forward 50-GCA ACA CAG TCC AGA TAG TCG

T-30 and reverse 50-GAC CTC AAA CTG GGC ATC AT-

30; CD34 forward 50-GCG CTT TGC TTG CTG AGT-30

and reverse 50-GGG TAG CAG TAC CGT TGT TGT-30;
CD144 forward 50-GAA CCC AAG ATG TGG CCT TTA

G-30 and reverse 50-GAT GTG ACA ACA GCG AGG

TGT AA-30; VEGFR2 forward 50-GCA GAG CCA TGT

GGT CTC TCT GG-30 and reverse 50-TGG CGC ACT

CTT CCT CCA ACT GC-30.
The following cycling conditions were used: 95° C for

10 min, 40 cycles at 95° C for 15 s, 60° C for 1 min, and

72° C for 30 s. The average of cycle threshold of each trip-

licate was analyzed according to the 2 (�DDCt) method.

Human Angiogenesis array

For the analysis of secreted angiogenic growth factors,

1.5 9 105 cells/well were seeded on each of the ECM

compositions in 24-well cell culture plates. Medium was

changed every 3 days. When the monolayer reached

approximately 80% confluence, they were incubated with

1 mL of medium without FBS, growth factors, or antibi-

otics for 30 h. The conditioned media (CM) were
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collected, centrifuged, and the protein concentration was

measured for each with the Bradford protein assay

reagent (Pierce, Milan, Italy) using bovine serum albumin

as a standard. Each sample was prepared at 40 lg protein

in a final volume of 1.5 mL, collected in new tubes and

frozen at �80 °C until use and then defrosted and kept

on ice. The ‘Human Angiogenesis Array’ Kit was pur-

chased from the R&D systems (Minneapolis, MN, USA)

for the detection of 55 protein associated with human

angiogenesis. The Detection Antibody Cocktail was added

in each sample for 1 h at room temperature and the sam-

ples were loaded on the array membranes and incubated

overnight at 4° C on a rocking platform. Then, 1.5 mL of

streptavidin-HRP solution (1 : 2000) was then added onto

each membrane. For immune-detection, each membrane

was incubated with Pierce ECL Western blotting substrate

(ThermoFisher scientific, Waltham, MA USA) and was

exposed to X-ray film for different times to obtain a range

of exposures from very short exposure for the highly

expressed factors to medium and longer exposures to visu-

alize the medium and low expressers. Array data on devel-

oped X-ray film were quantitated by scanning as digital

peaks and the areas of the peaks were calculated in arbi-

trary units (AU) using the public domain NIH IMAGE

software (http:rsb.info.nih.gov/nihimage/) and values were

normalized to the positive control reference spots supplied

by the kit. A cutoff of 1 as the lower value for the AU

was applied.

Indirect coculture studies

Conditioned medium (CM) was prepared as above and

stored in liquid nitrogen. To condition cells, both Parental

and CSCs were grown for 1 day on 100%M, 70%M/:30%

C, or 100%C in their corresponding complete culture

media and for the subsequent 5 days in their same com-

plete culture media diluted at 50% with the CMs collected

from either the Parental cells on Matrigel (Parental-MCM)

and collagen (Parental-CCM) or from the CSC on Matrigel

(CSC-MCM) and collagen I (CSC-CCM). A change of

medium was conducted midweek. To analyze if the CMs

could change the growth and/or the growth phenotype

(morphology) of the cells, growth was assessed by the

Resazurin cell viability assay and morphology was exam-

ined microscopically.

As serum (or B27 for CSCs) contains growth factors,

cytokines, and chemokines, we performed preliminary

experiments with the CMs in the absence of serum, in order

to examine the direct effect of the CMs on the growth of

each cell population without serum-mediated interferences.

As a comparison, we conducted the same experiments in

the presence of 5% and 10% of serum/B27. As we found

similar trends compared to relative controls for the biologi-

cal functions (growth and morphology) under the different

serum/B27 concentrations, we conducted all the subsequent

growth experiments with CMs in 5% serum/B27-containing

growth media.

Vascular network analysis

CSCs were grown on either 100% Matrigel or a mixture of

70%Matrigel/30% collagen I (70%M–30%C) and after

7 days in these growth conditions, vascular channel net-

works were photographed using the TE200 microscope

(Nikon USA, Garden City, NY, USA). Vascular channels

were quantified by measuring as a morphometric parameter

the number of internal lacunae (i.e., the empty regions of

the field delimited by tubules and cell clusters) per micro-

scope field (20X). At least five randomly chosen low-power

fields were counted per sample and the number of closed

lacunae was counted for each treatment. To study auto-

crine or paracrine regulation, CSCs were cultured as above

and after 24 hrs to permit their adherence, the cultures

were incubated with medium that had been conditioned by

either Parental cells or CSCs that had been grown on either

100% Matrigel (Matrigel-derived CSC-CM) or 100% colla-

gen I (collagen-derived CSC-CM) as described above for

indirect coculture. The effect of the specific VEGFR-2 inhi-

bitor, Ki8751, on vascular network formation was deter-

mined by incubating the CSCs on Matrigel with 2, 3, 4, or

6 nM Ki8751 for 24 hrs and then analyzing the network as

above. Its effect on autocrine or paracrine regulation was

determined by adding 2 nM Ki8751 in the conditioned

medium.

Subcutaneous in vivo model

Animal studies were approved by the Verona University

Review Board and by the Italian Ministero della Salute.

About 1 9 105 Panc1 Parental cells or CSCs were

injected subcutaneously into the dorsal flank of five nude

female mice (5 weeks of age, Charles River). Animals

were sacrificed when the volume of the tumor reached

2 cm3 and, immediately after death, neoplastic masses

were collected for histological assessment. To perform

histological analysis, tissue samples were fixed in 10%

(vol/vol) neutral-buffered formalin for 24–48 h and were

processed routinely. Serial histological sections (4–6 lm
thick) were obtained from each paraffin block and

stained with the Masson’s trichrome stain or PAS stain

for ECM collagen and ECM glycoproteins, respectively.

Immunohistochemistry (IHC) was performed as described

below.

Immunohistochemistry

The sections (5 lm thick) were rehydrated in graded etha-

nol. Endogenous peroxidase was blocked by incubating sec-

tions in PBS containing 1% H2O2 for 30 min at room

temperature (RT). After several washes in PBS, the sections
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were treated with the blocking buffer (1% normal goat

serum in PBS; Sigma, St. Louis, MO, USA) for 30 min at

room temperature. After several washes in PBS, sections

were incubated in blocking buffer overnight at 4 °C with

monoclonal anti-human CD31 (10G9, 1 : 150 dilution,

sc-13537, Santa Cruz), anti-human CD34 (ICO115, 1 : 150

dilution, sc-7324, Santa Cruz), anti-human VEGFR2 (D-8,

dilution 1 : 25, sc-393163, Santa Cruz), as well as rabbit

polyclonal anti-Ki67 (AB9260, dilution 1 : 25, Millipore).

After several rinses in PBS, sections were incubated with

the secondary antibody goat anti-rabbit HRP-conjugate

(dilution 1 : 20, G21234, Life technologies) or anti-mouse-

HRP (dilution 1 : 100, A8924, Sigma) in blocking buffer

for 1 h at RT. After several washes in PBS, the immunola-

belling was visualized by incubation with 3-30-diaminoben-

zidine- H2O2 medium for 10 min at RT. Sections were

stained with the PAS methods. Finally, two sections for

slide were counterstained with Hematoxylin and then,

dehydrated, cleared, and mounted with Entellan. Negative

controls were performed by omitting the primary

antibodies.

Statistical analysis

A two-tailed Student’s t test was performed assuming

unequal variances to compare Panc1 cells and Panc1 CSCs

and to determine whether the differences between two

groups were statistically significant. ANOVA (post hoc

Bonferroni) analysis was performed by GraphPad Prism 5

(GraphPad Software). P-values < 0.05, 0.01, or 0.001 were

indicated as *, **, or ***, respectively, when compared to

each control for each matrix and †, ††, or ††† compared to

the same CM treatment on 100% Matrigel.
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